ABSTRACT: The analysis of approx 5,000 soil horizons indicated that Green and Ampt parameters (effective porosity, wetting front capillary pressure, and hydraulic conductivity) could not be developed based on phases of soil order or suborder. However, sets of average parameters are developed based on soil horizon or soil texture class, or both. A procedure for determining the Green and Ampt parameters based on soil properties utilizing the full spectrum of soil survey information is outlined.
INTRODUCTION
If physically based infiltration models are to be used in operational hydrology, procedures for estimating infiltration model parameters based on soil properties must be developed. Not only are improved procedures needed for estimating point soil parameters, but also methods are needed for quantifying the areal and temporal variation of the soil parameters (14) .
The Green and Ampt infiltration model has been found to have wide applicability for modeling the infiltration process (10, 15) . The Green and Ampt rate equation is written as /-4 + T*) (1) and its integrated form is F-n i|i f ln (l + -) = Kt (2) variables are / = infiltration rate, in centimeters per hour; F = infiltration amount, in centimeters; and t = time, in hours. Application of the Green and Ampt infiltration model requires estimates of the hydraulic conductivity, K; effective porosity, 8 e ; and wetting front capillary pressure head, ty. Pioneering work on evaluating the Green and Ampt parameters was first reported by Bouwer (1) . Additional work, relating the parameters to soil texture, has been reported by Clapp and Hornberger (7), Brakensiek, et al. (3) , and McCuen, et al. (9) . Since past work has used only a small portion of the available soil survey information, specifically soil texture, it is the purpose of this study to report on predicting the Green and Ampt parameters (K, 6 e , ty) from soil properties utilizing the full spectrum of soil survey information.
The National Cooperative Soil Survey (a joint effort by cooperating Federal agencies, land grant universities, and other state and local agencies), uses a national system of soil classification (11, 16) . This system is based primarily on soil properties that can be observed in the field (e.g., texture) or inferred from other properties observable in the field (e.g., clay mineralogy). The differentiating soil properties are those that mainly affect plant growth and engineering use of the soil, such as particle size distribution, clay mineralogy, organic matter, soil temperature regime, soil moisture regime, carbonate content, and salt content.
Soil taxonomy is a hierarchy of six categories and each category includes a set of classes that are defined at about the same level. The most general definitions, with the fewest differentiating properties, are in the highest category, which consists of 10 orders. The most specific definitions, with the most differentiating properties, are in the lowest category, which is the soil series. There are more than 12,000 series. Soil series are the classes most commonly used to define and name map units in soil surveys, but classes in other categories are also used. The system is designed to facilitate both the interpretation of the soil data for practical application, and because it is national-the transfer of soil information from one location to another. A soil survey for an individual area is designed to meet certain objectives and satisfy the needs identified by local users and cooperating agencies. The distinguishing characteristics of soil surveys are summarized in Table 1. A map unit delineated on a soil map is a unique soil area recognized in a particular soil survey area. Map units are named for the dominant soil or soils in the unit. The named soil can be at any of the categoric levels in the soil classification system. The more general the soil resource information needed, the higher the category used for the reference name.
Map unit delineations contain inclusions not identified in the map unit name. These units are named and identified by the taxonomic class they represent. Soils are natural bodies, and their properties have a characteristic natural scatter or variability. Because of this variability, certain properties may fall outside the precise limits defined for the named taxonomic class. Also, the map scale may be too small for precise mapping of a small area of these included soils. Map units are designed so that no more than about 15% of the unit consists of inclusions dissimilar enough that their use and management differ, and these inclusions are described in map unit descriptions. Generally, map units of soil surveys made in the U.S. are named for soil series. These units will provide the most precise soil-hydrologic data.
For order 5 soil surveys, the most distinguishable soil property is the taxonomic unit, specifically the soil order or suborder. For orders 2-4 soil surveys, the soil textures at various levels of detail are the most distinguishable soil properties. Also, for orders 2-4, information on horizon identification and depth and on mineralogy might be available. In addition to the information available for the higher order soil surveys, orders 1-2 soil surveys might have more specific information, such as 
subsequently, mapping is by widely spaced observations, or by interpretation of remotely sensed data with occasional verification by observation or traversing
"Soil surveys of all orders require maintenance of a soil handbook (legend, mapping unit descriptions, taxonomic unit descriptions, field notes, and interpretations) and review by correlation procedures of the National Cooperative Soil Survey. Work plans for many survey areas list more than 1 order; the part to which each is applicable is delineated on a small scale map of the survey area.
Note: Undifferentiated groups may be used in any order with possible exception of first order. This is about the minimum size delineation for readable soil maps (i.e., 1/4 x 1/4 area)-see Table 2 . In practice, the minimum size delineations are generally larger than the minimum shown. First order soil surveys are made for purposes that require appraisal of the soil resources of areas as small as experimental plots and building sites. Mapping scale could conceivably be as large as 1:1. measured particle size information, measured soil water retention values, organic matter percentage, bulk density, and saturated hydraulic conductivity. Such detailed information might be available for higher order soil surveys; however, because of the large map scale, their usefulness might be extremely limited.
Sources of detailed soils information are the SCS Technical Service Center, the SCS National Soil Survey Laboratory, the state SCS offices, state universities (usually the soil science or agricultural engineering departments), and publications, such as Ref. 13 .
DATA BASE
The data used in this study were from a comprehensive compilation of published soil water characteristic data, as of 1978, for approx 1,200 soils (5,000 horizons) covering 34 states (13) . The distribution of the soils is shown in Fig. 1 . Each soil set included at most: (1) Detailed profile descriptions; (2) particle size distribution; (3) bulk density; (4) total porosity; (5) clay mineralogy; (6) chemical data; and (7) five to 10 water retention valves covering a range of matric potentials from 160-15,300 cm.
The basic data covered most agricultural soils with the physical properties including a wide range of sand content (mean 56%, range 0.1%-99%), silt content (mean 26%, range 0.1%-93%), clay content (mean 18%, range 0.1%-94%), organic matter content (mean 0.66, range 0.1%-12.5%), and bulk density (mean 1.42 gm/cm 3 , range 0.6-2.09). The soils included also both expanding (montmorillonite) and nonexpanding (kaolinite, illite, chlorite, and vermiculite) type clay minerals.
ANALYSIS
It has been shown that the Green and Ampt parameters can be estimated from soil water data using the Brooks-Corey equation (Ref. 
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The effective porosity, 9 e , is calculated as e, = * -e (5) in which 4> = the total porosity, in cubic centimeters per cubic centimeter, and is calculated from bulk density and particle density; and 0 r = the residual soil-water content, in cubic centimeters per cubic centimeter. The Green and Ampt hydraulic conductivity, K, based on Bouwer's (4) findings that it is one-half the saturated hydraulic conductivity, is calculated as
in which the saturated conductivity, K s , is calculated by an equation (Ref. 5) derived by substituting the Brooks and Corey equation into the Childs, Collis-George permeability integral (6) given by r <»« *2 (7) in which a = a constant representing the effects of various fluid con- stants and gravity. The constant a equals 270 cm 3 /sec according to Brutsaert (5) .
The Brooks and Corey equation was fitted to the water retention data using pattern search optimization. Only the optimizations which produced a correlation coefficient significant at the 95% level were used. The Green and Ampt parameters were calculated from the Brooks and Corey parameters using Eqs. 4-7. Checking the saturated hydraulic conductivities derived from Eq. 7 with those reported in Rawls, et al. (13), we find that Eq. 7 produced saturated hydraulic conductivities that were approximately one order of magnitude too high; therefore, we calibrated the constant in Eq. 7 to the Rawls, et al. (13) 11 soil textures. This fitting produced a value of the a constant equal to 21.0 cm 3 /sec. The data included six of the 10 soil orders and 17 of the 49 soil suborders. Analysis of the data indicated that mean Green and Ampt parameter values were not significantly different for soil orders and suborders, thus we concluded that use of the Green and Ampt infiltration model is inappropriate for the Order 5 soil surveys.
Analysis of the data according to soil texture classes, horizon, and clay mineralogy indicated that soil texture classes were the most significant discriminators of the Green and Ampt parameters. Also, a further division according to major horizons (A, B, C) yielded further classification accuracy. Clay mineralogy was not found to be significant. The mean parameter values and standard deviations are summarized in Table 2 for the 11 USDA soil texture classifications and major horizons. The values given in Table 2 can be used when applying the Green and Ampt infiltration model using orders 2-4 soil surveys.
We considered using more detailed soil information, such as particle size distribution, organic matter, bulk density, and 1/3 and 15 bar moisture retention values, to make better estimates of the Green and Ampt parameters (ty, 0 e , K) than just average values according to soil texture class and horizon. First, we attempted to relate the Green and Ampt parameters to the particle size distribution, organic matter, and bulk density using regression analysis; however, these relationships yielded correlation coefficients of approx 0.6-0.75, which we felt were not adequate for predictive purposes. Therefore, we used the approach presented by Gupta and Larson (8) , and Rawls, et al. (12, 13) in which the soil water retention values for -0.1, -0.2, -0.33, -0.60, -1.0, -2.0, -4.0, -10.0, and -15.0 bar matric potentials were related to the particle size, percentages, organic matter, bulk density, and measured soil water content at specific matric potentials. Depending upon which parameters were included in the relationship, this approach predicted soil water retention at specific matric potential with a correlation coefficient ranging between 0.80 and 0.98. A sensitivity test on clay, sandy loam, and silt loam textures was performed utilizing various combinations of the 10 water retention matric potential values. We concluded that for the purpose of determining the Green and Ampt parameters, only six points on the water retention matric potential curve are needed. The best combination of points is the 0.1, 0.33, 1, 4, 10, and 15 bar water retentions.
CONCLUSION
Appropriate procedures for determining Green and Ampt infiltration parameters (effective porosity, wetting front capillary pressure, and hydraulic conductivity) could not be developed for order 5 soil surveys. However, for orders 1-4 soil surveys, the methods for determining the Green and Ampt parameters, ranked according to accuracy, are:
